INTRODUCTION
Mammographic x-ray spectra are one of the most important parameters for the investigation of patient dose and image quality. [1] [2] [3] The optimal mammographic x-ray spectra can substantially improve the delectability of radiographic contrast of breast tissue in mammography. The method to determine x-ray spectra can be classified into three types: first, direct measurements with x-ray spectroscopy; second, analytical method, which is an empirical model (based on interpolation fitting of measured data such as MASMIP) or a semi-empirical model (based on a theoretical formulation such as XCOMP and IPEM report number 78), and third, calculation using Monte Carlo (MC) method. 4) Earlier, direct measurement of x-ray spectra was usually performed with a high-purity Ge detector. [5] [6] However, direct measurement is hardly ever practical, especially in a hospital environment, where there is a complexity of measurement procedure. 1, 7) The measurement of x-ray spectra from mammographic x-ray machines remains a difficult task because of limitations on measurement of low energy and/ or high flux of photons as well as geometrical restrictions. 8) Recently, several others have used a portable CdTe or CdZnTe detector for x-ray spectra measurements under clinical conditions. [9] [10] [11] [12] [13] Monte Carlo simulation models have been used for generation of x-ray spectra in diagnostic radiology and mammography as well. Recently, various Monte Carlo simulation packages (e.g. EGSnrc, MCNP, GEANT4, PENELOPE, ITS) have become commercially available. 3, [14] [15] [16] [17] The BEAMnrc and DOSXYZnrc are an EGSnrc-based Monte Carlo code designed to simulate the x-ray units and calculate dose in medium through their available graphical user interfaces (GUIs), and they are quite sufficient for one who is familiar with three dimensional rectangular voxels, whose planar boundaries are aligned with their respective x, y and z axes. Furthermore, the EGSnrc code system can also read spectra and geometry with compositions from external files. 18) The purpose of this work was to verify the validity of mammographic x-ray spectra that were simulated using the EGSnrc-based Monte Carlo code system. This code was employed to build realistic simulations of E7290AX Toshiba tube, which is a part of the LORAD-MIV mammography unit. Then, the calculated spectra were compared with the measured spectra from CdTe portable x-ray spectroscopy and with the generated spectra from the catalogue of diagnostic x-ray spectra of IPEM report 78. In addition, the simulated x-ray spectra were used for determination of a transmission curve and a half value layer (HVL). The transmission curve was compared with the result of the CdTe detector, and the HVL was compared with the results of the CdTe detector, IPEM report 78, and ion chamber, respectively.
MATERIALS AND MTEHODS

Monte Carlo simulation
To generate the spectra of a mammography unit at a typical diagnostic kilovoltage setting, the mammographic x-ray tube (model E7290AX, TOSHIBA 19) ) was modeled by the BEAMnrc package, which is an important part of the EGSnrc Monte Carlo code. 18) This code has been used to simulate the radiation transport through the geometry in the x-ray tube of mammographic unit. No modifications of the code were required, except input files where the user can interact with the code. 20) The experimental setup used in the simulation was based on the manufacturer's specifications of Lorad-MIV mammography unit as given in Fig. 1 .
The calculations were made with the default settings of the code, which include modeling of the electron impact ionization, bound Compton scattering, Rayleigh scattering, atomic relaxation, and relativistic spin effects in the multiple scattering theory. A uniform bremsstrahlung splitting variance reduction technique was applied with a splitting factor of 1000. Photon and electron energy cut-offs were set to 1 keV for range rejection. Material data were generated by the PEGS4 code developed at NRC.
18) The parallel rectangular monoenergetic beam of 10 7 electrons is incident on the target region. In real situation, there is a voltage ripple, which is less than 2% for a high-frequency generator; however, for simulated spectra, the voltage ripple is not considered. The electrons will interact with the anode target material and lead to electromagnetic radiation known as an x-ray. The emitted x-ray beam is then subjected to an x-ray tube window (inherent filtration) and additional filtration. In fact, the type of material compound of molybdenum alloy for the target is not known. Thus, in our study, the target material is assumed to be pure molybdenum. The tube window is made of a 0.8-mm thick beryllium. Materials of added (additional) filtration can be selected between 0.025-mm molybdenum and 0.025-mm rhodium. The mirror is not taken into account in the simulation because it is automatically removed from the x-ray beam during mammography. The mammography compression paddle is 3-mm thick polymethylmethacrylate (PMMA). The target angle of the x-ray tube, which is the angle between the normal to the target surface and the electron beam direction, is 16°. The tube head plane is parallel to the detector plane (image receptor) where a phase space file is scored, and the focus to detector distance is 60.5 cm. For the qualitative comparison between the calculated and measured spectrum, the obtained spectrum for each of methods will be normalized to the total number of photons in the spectrum and then must be divided by photon energy to give the number of photons per energy interval which is 0.5 keV.
3)
Measurement of x-ray spectra using the CdTe x-ray spectroscopy
For comparison with MC simulated spectra, X-ray spectroscopy was performed in the mammographic energy range under the clinical conditions. Experimental measurements were obtained by a compound semiconductor CdTe detector produced by AMPTEK with the rise time discrimination (RTD) switched off which is operated by electronic cooling using the Peltier effect. [10] [11] [12] [13] [21] [22] To calibrate the detector for energy scales, linearity, and energy resolution, we used γ-rays emitted in the decay of 241 Am sources. 16) The molybdenum spectra produced by a mammographic x-ray unit (model M-IV, Lorad) were measured at 28 kVp. The detector was placed on the cassette holder with a 39 cm focus to detector distance despite the fact that in clinical practice it should be set at a long source-to-detector for minimizing spectral distortion due to pile-up effects at high photon fluence rates. A collimator with an appropriate aperture was necessary to reduce fluence rates to an acceptable level. 22) We used a dedicated collimation system which consists of two 2-mm thick tungsten (W) collimator disks with a circular hole of nominal diameter of 200 μm and 1000 μm. The alignment procedure has been already described in previously published studies. 8, 23) The method is based on a pinhole technique (long bore length collimator) so that the detector is correctly aligned along the central xray beam, even though the focal spot cannot be seen directly. 23) The compression paddle was removed from the x-ray beam during the measurements of spectra, 10) but it was present in Fig. 1 . Schematic representation of the tube geometry (not to scale). The electron beam hits the Mo target material and the emitted x-rays pass through the beryllium window, the molybdenum filter and the compression paddle. The x-rays are detected at the detector plane with a focus to detector distance of 60.5 cm. the x-ray beam during the measurements of a transmission curve and HVL. All acquired spectra were retrospectively grouped into 0.5 keV energy intervals.
IPEM report 78
The results of MC simulated spectrum were compared with a spectrum produced by the IPEM model. 24) This model generates spectra based on the method of Birch and Marshall 6) in which it is classified as a semi-empirical model. Base on the model, the spectra can be generated for various target types and target angles. The filter can be chosen with a wide selection of materials. 8) Constant potential mammographic spectra are provided at tube potential intervals in 1 kV steps from 25 kV to 32 kV for molybdenum and rhodium targets for target angles ranging between 9° and 23°. Note that in the IPEM model, there is no breast tissueequivalent material. The air path length of 60.5 cm has been taken into account for the calculation of spectra. All spectra are provided at energy intervals of 0.5 keV.
24) The IPEM report 78 was used to generate reference spectra for diagnostic radiology and mammographic energy ranges because of its integrity and popularity.
Beam quality
Transmission curve and HVL are the standard indices of x-ray beam quality.
4) The transmission curves were calculated by dividing the number of transmitted photons through the slabs of a breast tissue-equivalent phantom (BR-12) by that of without the slabs. For modeling the real situations, the compression paddle was included during the determination of the HVL. We simulated the transmission curves by BEAMnrc for comparison with the measurement results. The first HVL was measured with an ion chamber (model 10X9-6M, Radcal) and using high-purity aluminium alloy (type 1145) as a filter. The ion chamber was placed at 60.5 cm from the source. The collimators were adjusted to yield a very small field size. Then, we calculated the first HVL using the semi-logarithmic interpolation. The simulated spectra and measured spectra from CdTe detector were used to calculate the first HVL by iterating the absorber (aluminium) thickness, which was described in a previously published work.
20) The first HVL was also obtained using the IPEM model for comparison with the other methods previously described. Figure 2 shows the comparison of the five EGSnrc x-ray spectra obtained from the different types of composite molybdenum materials, namely; 95% molybdenum +5% tungsten, 70% molybdenum +30% tungsten, 98% molybdenum +2% rhenium, and 85% molybdenum +15% rhenium. It was found that the overall energy of the emitted photons decreased when the amount of tungsten or rhenium increased. In addition, the differences are more prevalent within the energy range of 10-15 keV. The differences in the normalized number per keV ranged from 4.2-22.6% when the amount of tungsten or rhenium is increased.
RESULTS
Comparisons of the measured 28 kVp x-ray spectra with the calculated spectra using the EGSnrc/BEAMnrc simulation and the IPEM model for two different additional filtration materials, i.e., molybdenum and rhodium, are shown in Fig. 3 and 4 , respectively. The characteristic peaks of molyb- Fig. 2 . Comparison of the five EGSnrc x-ray spectra obtained from the different types of composite molybdenum materials, namely 95% molybdenum +5% tungsten (Mo95W5), 70% molybdenum +30% tungsten (Mo70W30), 98% molybdenum +2% rhenium (Mo98Re2), and 85% molybdenum +15% rhenium (Mo85Re15). For 28 kVp tube voltage, 0.8-mm Be tube window filtration, 0.025-mm molybdenum added filtration, and without the compression paddle.
Fig. 3.
Comparison of x-ray spectra generated using the EGSnrc/ BEAMnrc simulation, IPEM model with measured spectra for 28 kVp tube voltage, molybdenum target, 0.8-mm Be tube window filtration, 0.025-mm molybdenum added filtration, and without the compression paddle. denum are at energies of 17.4 keV (K α ) and 19.6 keV (K β ), which are superimposed on a continuous spectrum.
In general, the agreement between the shape of bremsstrahlung spectra acquired from EGSnrc/BEAMnrc simulation, IPEM model, and direct measurements is good except that the characteristic photons of IPEM model are far too high relative to others. In addition, at the low-energy region below 15 keV, the agreement is rather poor for measured spectra when compared with the others. Figure 3 shows that the photon intensity measured by the CdTe detector is higher than in the IPEM model and EGSnrc spectra, especially in the low-energy region, but these spectra are nearly the same in the high-energy region. Figure 4 shows that the photon intensity measured by the CdTe detector is higher than in the IPEM model and EGSnrc spectra, especially in the low-energy region, but this behavior is reversed for the high-energy region above 20 keV. The spectral shapes of Mo-Mo and Mo-Rh target-filter material combinations are seemingly in the same manner, except that MoRh spectrum has more intensity in the high-energy region above K β (19.6 keV) characteristic peak. Figure 5 shows the comparison of the transmission curve produced by EGSnrc/BEAMnrc simulation and experimental measurement with the CdTe detector for a breast tissueequivalent phantom for a Mo-Mo target-filter combination and 28 kVp. Both the transmission curves were normalized by their maximum value. It was found that the simulated transmission curve is slightly higher than the measured transmission curve for all thicknesses. Table 1 provides a summary of the first HVLs acquired from EGSnrc spectra, IPEM model, and direct measurement with ion chamber phantom for Mo-Mo target-filter combination and 28 kVp. The HVLs for EGSnrc/BEAMnrc simulation, measurement with CdTe, calculation with IPEM model, and measurement with ion chamber are 0.340, 0.358, 0.338, and 0.350 mm Al, respectively. These four different HVLs correspond approximately to each other, for which the maximum relative difference was observed below 0.020 mm (5.9%). It should be noted that the mean energy of photons from the EGSnrc spectra agrees well with those from IPEM spectra excluding CdTe spectra, for which the maximum relative difference was observed below 0.31 keV (1.8%).
DISCUSSION
In this work, pure molybdenum target was used for the MC simulation because there is no information about the composition of the molybdenum target, but the molybdenum alloy target which is usually mixed with other materials like tungsten or rhenium in the proportion of 2-30 by weight was used in the experimental measurements. In Fig. 2 , the result shows that the change in types of composite molybdenum Fig. 4 . Comparison of x-ray spectra generated using the EGSnrc/ BEAMnrc simulation, IPEM model with measured spectra for 28 kVp tube voltage, molybdenum target, 0.8-mm Be tube window filtration, 0.025-mm rhodium added filtration, and without the compression paddle. materials has a small effect on the spectral shape of pure molybdenum. In addition, it seems that the spectra of the composite molybdenum materials are slightly harder than that of pure molybdenum. In Fig. 3 and 4 , the results show that the Mo-Rh spectra is harder than the Mo-Mo spectra. Similar findings were reported by Ng et al. 14) and Ay et al.. 4) Generally, it seems that the x-ray spectrum acquired using the measurement with the CdTe detector is softer than those generated by the IPEM method and the EGSnrc/BEAMnrc simulation, and the differences are more prevalent within the energy range 7-15 keV. This may be due to the errors of the detector positioning for the measurement of spectrum along the anode and cathode direction, where the spectrum obtained for the cathode side is softer than that taken on the anode side. Note that the energy peak at 19.6 keV (Kβ characteristic line) of the EGSnrc spectrum seems to have disappeared when compared with the other spectra. This was caused by the energy bin width of 0.5 keV; however, it would bring closer agreement when an energy bin width is finer than 0.5 keV. 14) Similarly, the result of significant overestimation of the intensity of Kα-characteristic line in the IPEM model relative to the other spectra was also caused by the normalization procedure, 3, 4) namely the IPEM code can generate the collected spectra of K-fluorescent, which is far too higher than that of the EGSnrc/BEAMnrc simulation and the CdTe detector for the same energy bin width. In addition, the binning of data into 0.5 keV energy intervals for the EGSnrc and CdTe spectra can diminish the intensity of Kα-characteristic line because the ratio of the maximum number of photons to the total number of photons is decreased when compare with that of the IPEM spectra. However, when the energy bin width is smaller than 0.5 keV, the ratio is high and the Kα-characteristic line can become large.
Moreover, if the standard condition for the measurement with the CdTe detector has not been met, such as using of improper collimator size and gain of AMPTEK x-ray spectroscopy, the spurious or pile-up effects may occur. These effects could be corrected by the stripping method or reconstruction of spectra to remove the tail in a low-energy region and shift the curve of spectra to a higher energy region slightly. 13, 21) However, Miyajima and Imagawa (2002) suggested that both CdZnTe and CdTe detectors can be utilized in mammographic x-ray spectroscopy without any corrections.
In the comparison of the transmission curves of a breast tissue-equivalent phantom (Fig. 5) , it was revealed that both the transmission curves obtained from EGSnrc/BEAMnrc simulation and CdTe measurement agree quite well. In addition, it was found that the beam quality obtained by the EGSnrc/BEAMnrc simulation is slightly higher than the experimental measurement.
In this work, there are at least two factors that can contribute to the difference between simulated and measured HVL (Table 1) . First, the scattered radiation from the medium through which x-rays pass through, such as a collimator, filters, and air surrounding the x-ray beam path. 16) Second, the beam quality or spectral shape, which arises from the specification of tube components and from the position of measurement in x-ray field. These can also increase the measured HVL in this work, especially the limitation of the focus to detector distance for the CdTe detector, which is too short than that of the simulation and the measurement with ion chamber. In addition, the small discrepancy of the mean energy may be observed because of the reasons mentioned above and the radiation properties of the CdTe detector, such as energy response.
CONCLUSIONS
This study used the BEAMnrc/EGSnrc Monte Carlo code for the generation of the mammographic spectra. The results of simulated photon spectra showed that most of them are qualitatively comparable with the measurements. The small deviation of the measured spectrum curve at low energy was observed, which may be errors of positioning and spurious or pile-up effects of the CdTe detector.
4) The measured spectra should be corrected using the stripping method. The reconstruction of spectra is given in several works. 13, 22) In the measurement using a CdTe portable spectroscopy, one not only needs the skills to set up the detector and to use the complicated tool but also needs the cost to acquire this tool. The IPEM report 78 is limited in terms of both the model and change in x-ray tube components, as well as the material used in the calculation. In our work, the EGSnrc Monte Carlo code is showed to be a useful tool for generating xray spectra of a mammographic tube as long as the specifications are known exactly, although one generally needs the simulation time more than the measurement time (our simulation time is about 1.7 h). Furthermore, using this code package, it is convenient to manipulate a phase space file obtained from the simulation since the user can select desirable and appropriate functions and parameters to generate a spectrum.
